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1.  INTRODUCTION  AND  SUMMARY 


The  application  of  fracture  mechanics  to  fracture  toughness  and  fatigue 
crack  propagation  studies  is  primarily  dependent  upon  the  crack  length. 
Particularly  in  fatigue  crack  growth  rate  testing,  where  crack  growth  rates 
are  related  to  the  stress  intensity  range,  crack  length  determination  has  long 
been  recognized  as  a  source  of  error  (1^). 

Precise  crack  length  determination  is,  then,  the  goal  of  this  program. 
Precision  was  defined  as  0.001  in.  and  furthermore  this  measurement  should  be 
made  in  real-time  during  fatigue  loading  and  in  varying  temperatures  up  to 
2000°F.  A  summary  of  these  and  other  performance  requirements  is  shown  in 
Figure  1-1. 


The  key  to  making  this  measurement  to  the  required  precision  in  the 
working  environment  is  the  crack  sensor.  Two  sensor  technologies  were 
recognized  by  Foster-Miller  to  have  the  potential  to  meet  all  of  these 


SPECIMEN: 

•  MATERIAL  MIN: 

ALUMINUM,  0.050  IN.  THICK 

MAX: 

INCONEL  /-18,  0.5  IN.  iHlCK 

•  CRACK  RESOLUTION: 

0.001  IN. 

•  CRACK  TRACKING  SPEED: 

0.030  IN.  PER  SECOND 

•  TEMPERATURE  RANGE: 

-50OF  TO  2,000OF 

TEST  MACHINE;  (MTS.  2  POST,  100 

KP  FRAME  SIZE) 

•  TEST  FREQUENCY: 

0  to  50  HZ 

•  OVEN  WINDOW: 

4  IN.  X  1.8  IN.  QUARTZ 

ENVIRONMENT: 

•  AIR  CONDITIONED  LABORATORY 

•  CLEARANCE: 

30  IN.  BEHIND,  36  IN.  FRONi 

Figure  1-1.  Automatic  Fatigue  Crack  Growth  Measurement 
Performance  Requirements 
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requirements  and  to  have  the  capacity  to  be  configured  into  a  completely 
automated  system.  These  technologies  were  based  on  laser  and  x-ray  detection: 
a  discussion  of  the  approaches  taken  appears  in  Section  2  of  this  report  and 
the  plan  followed  to  demonstrate,  evaluate  and  select  the  better  approach  is 
in  Section  3. 

Demonstration  was  based  on  well-defined  experiments.  There  is  no  doubt 
that  cracks  can  be  imaged  with  laser  or  x-ray  illumination.  The  concerns  were 
different  for  the  two  sensors: 

•  Could  the  laser  camera  see  a  crack  in  a  specimen  that  was  self- 
illuminating  at  2000°F? 

•  Could  the  x-ray  camera  see  a  crack  in  a  specimen  that  could  be  at 
large  angles  to  the  x-ray  flux? 

The  experiments  that  answered  these  questions  are  described  in  detail  and  the 
results  presented  in  Section  4. 

The  experiments  showed  that  both  the  laser  and  x-ray  approaches  were 
viable.  The  selection  then  centered  on  performance  margins  and  system 
implementation  considerations.  The  laser  approach  was  selected  for 
implementation.  This  selection,  the  experiment  conclusions  and  our 
recommendations  are  all  presented  and  discussed  in  Section  5. 

A  system  design  to  implement  an  automated  laser  crack  measurement  approach 

is  presented  in  section  6.  Along  with  the  design  is  a  discussion  of  the 

implications  of  extending  the  design  to  the  simultaneous  measurement  of  a 

crack  from  both  sides  of  the  specimen  and  the  extension  of  the  crack 

o  o 

measurement  temperature  environment  to  4,000  P  and  5,000  F. 
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2.  FATIGUE  CRACK  MEASUREMENT  APPROACHES 


Various  methods  for  the  determination  of  crack  length  have  been  developed 
and  used  with  varying  degrees  of  success,  depending  upon  the  particular 
circumstances.  We  have  reviewed  these  methods  with  respect  to  the  Air  Force 
requirements  and  concluded  that  manual  microscopic  examination  remains  the 
best.  Table  2-1  is  a  summary  from  that  review  which  compares  the  known 
fatigue  crack  measurement  methods. 

Apart  from  the  optical  technique,  all  procedures  of  potential  interest  to 
the  USAF  have  one  common  disadvantage:  crack  size  is  measured  Indirectly  by 
measuring  a  quantity  (compliance,  strain,  potential  drop)  that  depends  upon 
crack  size.  Since  the  relation  between  the  measured  quantity  and  crack  size 
is  often  not  known  accurately,  calibrations  are  usually  necessary.  Different 
structural  geometries  and  crack  geometries  require  separate  calibration.  All 
measured  quantities  are  affected  by  either  crack  tip  plasticity  or  crack 
closure  (2)  or  both.  This  may  invalidate  or  degrade  the  calibration  for 
fllght-by-f light  testing.  All  methods  are  Integrators:  what  Is  actually 
measured  (be  It  Indirectly)  Is  cracked  area  and  not  crack  length.  For  through 
cracks,  therefore,  an  average  (through  the  thickness)  crack  length  is 
obtained.  All  methods  can  be  easily  used  In  automated  testing. 

Direct  measurement  of  crack  size  by  the  optical  technique  does  not  have 
most  of  these  disadvantages,  although  It  measures  only  the  surface  evidence  of 
the  crack.  In  the  proposed  approaches  yet  to  be  discussed,  this  limitation 
can  be  readily  overcome,  or.  in  the  case  of  the  x-ray  approach,  does  not  exist 

Automation  of  optical  measurement  requires  Image  Array  Processors  (lAP) 
which  digitize  the  video  image  and  allow  rapid  computerized  analysis  of  that 
Image.  Image  enhancement  by  both  hardware  (Illumination,  magnification,  etc.) 
and  software  can  be  used  to  define  the  crack  Image.  Recent  advances  In 
digital  Image  processing  technology  relegate  this  portion  of  the  problem  to  a 
straightforward  engineering  solution  which  is  discussed  at  length  in  Section  6 
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Table  2-1.  Sununary  of  Measurement  Methods 
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Whereas  the  digital  Imaging  approach  has  many  advantages  for  quantifying 

o 

cracks  at  room  temperature,  samples  at  elevated  temperatues  up  to  2,000  P 
present  two  severe  problems. 

•  First,  the  thermal  radiation  from  such  samples  is  Intense,  spectrally 
broadband  and  geometrically  isotropic.  It  may  overwhelm  any  external 
Illumination  as  supplied  in  room  temperature  systems  to  enhance  crack 
contrast  by  careful  control  of  illumination  angle.  On  the  other 
hand,  if  digital  Imaging  were  to  be  applied  using  only  the  thermal 
self-illumination,  the  crack  contrast  would  be  low,  even  taking  into 
account  the  extra  brightness  that  may  be  found  inside  the  crack 
Itself  due  to  black-body  effects.  In  short,  the  important  ability  to 
adjust  system  Illumination  would  be  lost 

•  Second,  the  digital  Imaging  camera  itself  might  not  withstand  the  hot 
environment  if  placed  within  a  meter  of  such  a  furnace.  As  a  rule  of 
thumb,  the  camera  should  not  be  placed  in  an  environment  thermally 
uncomfortable  for  a  human  observer. 

If  we  believe  that  direct  measurement  is  best,  then  we  must  retain  this 

o 

approach  and  find  ways  to  overcome  the  "noise"  generated  by  the  2,000  F 
envlroment.  Two  possibilities  present  themselves.  One  would  operate  in  an 
extremely  narrow  bandwidth  in  the  visible  light  range  by  using  a  laser  source 
and  filtering  techniques.  The  other  approach  would  operate  well  above  the 
visible  light  spectrum  at  x-ray  energies  and,  therefore,  would  be  immune  to 
the  thermal  radiation. 

2.1  Argon  Laser  Approach 

In  this  approach  we  propose  an  active  laser  illumination  scheme  in 
combination  with  narrow-band  optical  filters  to  "cut  through"  the  unwanted 
thermal  radiation. 

The  principle  can  be  understood  by  reference  to  the  irradiance  spectrum 
illustrated  schematically  in  Figure  2-1.  The  left  graph  shows  the  black- body 
radiation  emitted  by  the  surface  of  an  object  at  1,000°K  (1,341°F).  At 
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the  peak  emlttance  wavelength  of  3pm.  approximately  200  mw/cm  pm  is 

4 

present.  From  the  black-body  law  P=oT  .  the  total  optical  and  Infrared 

2 

power  radiated  Is  about  2W/cm  . 


Figure  2-1.  Laser  Illumination  Combined  with  Narrow-band  Interference 
Filter  Discriminates  Against  the  Thermal  Self-Radiation 
at  High  Temperatures  (3) 

Also  shown  In  the  left  graph  is  a  spike  due  to  actively  illuminating 

the  sample  with  blue-green  radiation  at  0.488  pm  from  an  argon  ion 

laser.  A  commercially  available  laser  with  50  m¥  output  power  at  this 

wavelength  will  illuminate  the  sample  through  a  system  of  beam  defining 

2 

lenses  and  collimators  at  a  level  of  approximately  5  mW/cm  .  The  laser 
illumination  "signal"  is  present  in  a  much  larger  "noise"  background  of 
thermal  radiation;  to  the  naked  eye,  the  laser  signal  may  be  invisible 
against  the  bright  background. 

In  Figure  2-2,  we  show  the  sensor  placed  at  a  comfortable  distance  from 
the  furnace;  it  detects  the  scattered  argon  laser  radiation  from  the  crack 
through  a  small  telescope  with  a  defined  field  of  view,  such  as  a  Questar. 
The  telescope  objective  is  covered  with  a  long-wavelength  rejection  filter, 
available  in  large  apertures  with  high  reflectance  (95  percent)  at  all 
wavelengths  above  approximately  0.7  pm.  This  protects  the  telescope  and 
the  video  camera  sensor  from  excessive  heat  and  performs  a  first  stage  of 
optical  filtering.  A  narrow- band  interference  filter  is  placed  between  the 
telescope  and  the  sensor  itself.  This  filter  will  have  a  pass- band  of 
approximately  0.005  pm  centered  on  the  argon  laser  line  and  is 
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Figure  2-2.  Argon  Laser  Sensor  System 

conunerclally  available  In  apertures  up  to  5  cm.  such  filters  pass  up  to 
50  percent  of  the  peak  wavelength  and  less  than  10  of  the  light  outside 
the  pass-band  (4) . 

The  right  graph  of  Figure  2-1  shows  the  spectral  Illumination  as  seen 
by  the  sensor  after  these  two  stages  of  filtering.  The  sample's  black- body 
radiation  has  been  almost  entirely  rejected,  except  for  two  contributions: 
the  very  small  portion  which  passes  the  narrow-band  filter  In  the  pass- band 
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around  0.488  vin>>  predicted  from  the  black-body  distribution  law  to  be 
-7  2 

about  5  X  10  mV/cin  ,  and  the  remaining  visible  thermal  radiation 

-3  2 

entering  outside  the  pass- band,  estimated  to  be  5  X  10  mW/cm  .  The 
detection  now  takes  place  using  effectively  only  the  laser  illumination 
with  a  signal  to  noise  ratio  of  about  1.000:1  or  30  dB  over  the  thermal 
background . 

2.2  X-Ray  Approach 

In  this  approach,  it  is  essential  to  have  access  from  both  sides  of  the 
specimen,  as  we  will  essentially  be  monitoring  the  x-ray  attenuation  of  the 
specimen.  As  a  fatigue  crack  begins  to  open,  this  x-ray  attentuation  will 
change  significantly  and  is  totally  unaffected  by  all  the  other  variables 
in  the  system. 

In  Figure  2-3  we  show  the  x-ray  source,  in  this  configuration  a 
standard  160  kV  generator  (such  as  a  Magnaflux  CNAIG)  and  an  x-ray 
collimator  to  confine  the  x-ray  beam  to  cover  the  maximum  extent  that  a 
fatigue  crack  may  wander.  The  x-ray  detector  will  be  stationary  on  the 
other  side  of  the  chamber  using  a  plastic  scintillator  (such  as  MBIOI) 
slightly  wider  than  the  widest  expected  specimen.  The  scintillator 
converts  the  x-ray  image  to  visible  light  which  is  viewed  by  a  video 
camera.  From  here  the  data  processing  is  identical  to  the  laser  approach. 

The  main  advantage  of  the  x-ray  measurement  approach  is  in  its  complete 
immunity  from  any  thermal  noise  measurements  (which  may  contribute  to 
background  in  the  visible  wavelength  detection  band),  and  its  (inferred) 
ability  to  measure  an  average  position  over  the  entire  front  of  the  crack 
advance.  This  later  advantage  could  be  significant  as  it  would  require  the 
laser  approach  to  incorporate  two  distinct  detection  systems  viewing  the 
test  specimens  from  opposite  sides  to  approximate  the  x-ray  data  from  a 
single  detector  system. 


2-6 


TEST 

SPECIMEN 


DETECTOR 


Figure  2-3.  X-Ray  Sensor  System 
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3 .  PROGRAM  PLAN 


The  primary  objectives  of  the  Phase  I  program  were  to  experimentally 
evaluate  both  the  laser  and  x-ray  approaches  discussed  in  the  previous  section 
and  to  select  the  most  viable  approach  to  incorporate  into  an  automated 
fatigue  crack  measurement  system. 

The  program  plan  that  was  followed  is  shorn  in  Figure  3-1.  This  plan  is  a 
deviation  to  the  originally  proposed  plan  to  only  experimentally  verify  the 
selected  approach.  The  revised  plan  in  Figure  3-1  included  experimental 
verification  of  both  the  laser  and  x-ray  approach  and  we  believe  this  has  led 
to  a  more  realistic  selection. 


A  programatic  report  on  each  task  of  the  revised  program  plan  follows;  the 
technical  results  of  these  tasks  appear  in  Sections  4,  5  and  6  of  this  report. 
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Figure  3-1.  Program  Plan 
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TasJc  1:  Requirements  and  Interface  Definition 


The  Principal  Investigator,  the  Air  Force  Project  Engineer  and  the  head  of 
the  Fatigue  Testing  Laboratory  met. on  3  September  1987  and  we  reviewed  a 
previously  submitted  list  of  detailed  Interface  and  requirements  questions. 

We  were  provided  with  a  contact  at  Research  Inc.  (RI)  the  selected  oven 
contractor.  RI  was  contacted  and  provided  Foster-Miller  with  a  set  of  oven 
Interface  drawings.  The  technical  requirements  and  interfaces  are  discussed 
In  Sect ion  6.1. 

Task  2:  System  Conceptual  Design  and  Sensor  Subsystem  Evaluation 

The  proposed  line  scan  conceptual  design  was  reviewed  and  an  imaging 
approach  was  reconsidered.  Advances  In  available  digital  Image  processing 
technology  had  Improved  significantly  since  our  proposal  was  written  so  we  did 
not  want  to  preclude  this  approach.  Both  laser  and  x-ray  sensors  remained  our 
leading  candidates  so  our  conceptual  design  was  revised  to  Include  the 
possibility  of  Imaging  In  these  two  modalities.  The  revised  conceptual  design 
was  then  evaluated  under  the  performance  and  interface  requirements 
established  in  Task  1  to  assure  compatibility.  The  laser  and  x-ray  approaches 
are  discussed  In  Section  2. 

Task  3;  Sensor  Subsystem  Experiments  Design 

Laser  and  x-ray  experiments  were  Independently  designed  to  demonstrate  the 
feasibility  of  the  conceptual  design  approach  of  Task  2  and  that  the  sensor 
approaches  were  capable  of  meeting  the  performance  and  interface  requirements 
of  Task  1. 

Once  confidence  in  the  experimental  approaches  was  established  detailed 
laser  and  x-ray  experiment  procedures  were  written,  reviewed  and  sent  to  our 
technical  monitor  on  2  October  1987  for  review. 
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Tasic  4:  Sensor  Subsystem  Experiments  Verification 


The  laser  and  x-ray  experiments  defined  in  Task  4  were  conducted  in  the 
laser  laboratory  at  Tufts  University  and  at  the  Arnold  Greene  Testing 
Laboratory,  respectively,  in  accordance  with  the  detail  test  procedures 
generated  in  the  previous  task. 

The  laser  and  x-ray  Images  that  were  generated  were  digitized  on  a 
laboratory  scanning  image  digitizer  at  Hologics,  Inc.  The  experiment  results 
are  presented  and  discussed  in  Section  4. 

Task  5:  Sensor  Subsystem  Selection 

The  digital  images  generated  in  the  previous  task  were  evaluated  by 
computer  to  determine  the  precision  of  an  automatic  crack  length  measurement 
that  could  be  achieved.  On  the  basis  of  these  data  and  an  assessment  of  the 
difficulties  experienced  in  each  experiment  the  laser  approach  was  selected  as 
the  sensor  system  to  be  implemented  in  a  Phase  II  program.  The  experimental 
results,  our  selection  and  basis  for  selection  was  presented  to  WPAFB  on 
13  January  1988,  This  selection  is  presented  and  discussed  in  Section  5. 

Task  6:  System  Detail  Design 

A  detail  system  design  was  done  based  on  the  laser  approach  selected  in 
the  previous  task  and  using  the  digital  image  processing  considered  in  our 
conceptual  design  task.  This  detail  system  design  is  presented  and  discussed 
in  Section  6. 

Task  7;  Pinal  Report 


A  report  discussing  all  the  work  done  In  the  previous  tasks  has  bc’- 
prepared  and  is  presented  in  this  document. 
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4.  EXPERIMENTS  AND  RESULTS 


The  experiments  conducted  or>  this  project  had  a  two-fold  purpose: 

•  Demonstrate  that  both  laser  and  x-ray  approaches  are  feasible 

•  Determine  if  either  approach  has  an  advantage  over  the  other  in  light 
of  actual  experience. 

For  the  most  part,  these  two  experiments  were  carried  on  independently  by 
separate  project  personnel  who  tended  to  champion  their  approach.  In  both 
cases,  data  were  gathered  photographically.  This  allowed  a  common  method  of 
comparison  and  digitization  to  quantify  crack  resolution. 

4 . 1  Laser  Experiments 

The  goal  of  this  laboratory  work  was  to  show  that  a  baseline  crack  in  a 
specimen  at  2,000°F  can  be  Imaged  with  the  aid  of  laser  light  and  a  narrow 
band-pass  filter.  This  was  approached  in  two  stages.  The  first  was  a  series 
of  room- temperature  tests  using  a  small  He-Ne  laser  and  a  film  camera.  These 
tests  were  conducted  to  determine  optimum  Illumination  and  viewing  angles  to 
obtain  highest  crack  contrast.  Work  at  room  temperature  permitted  the 
examination  of  many  variables  without  the  difficulties  of  working  with  a 
heated  sample  in  an  off-premises  laser  laboratory.  The  second  stage  was  the 
testing  of  an  actual  heated  specimen  using  the  argon-ion  laser  and  narrow 
band-pass  filter.  With  the  experience  gained  from  the  room-temperature  tests 
the  tests  at  2,000°F  were  carried  out  quickly  and  efficiently. 

4.1.1  Room-Temperature  Tests 

We  designed  a  room- temperature  experiment  to  show  that  a  hairline  crack  in 
a  metal  sample  can  be  imaged  with  a  laser,  and  to  explore  photographic  and 
illumination  variables.  The  test  specimen,  provided  by  the  Air  Force,  was  a 
partially  cracked  Inconel  718  sample  0.38  in.  thick  as  shown  in  Figure  4-1. 

The  specimen  was  prepared  by  loading  to  the  same  tension  experienced  when 
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Figure  4-1.  Inconel  Specimen 

it  cracked  and  Inserting  a  wedge  to  hold  the  crack  at  that  opening.  This 
would  closely  simulate  the  fatigue  testing  environment  when  the  crack  would  be 
observed  in  real-time  under  load. 

Figures  4-2(a)  and  4-2(b)  depict  two  variations  of  our  setup. 

Figure  4-2(a)  shows  the  object  plane  (the  sample)  to  be  parallel  to  the  image 
plane  (35  mm  film),  while  Figure  2-4(b)  shows  the  object  plane  to  be  tilted  at 
an  angle  4  from  the  plane  parallel  to  the  image  plane.  Though  different  in 
orientation,  both  setups  contain  a  cracked  test  specimen,  a  camera 
arrangement,  a  small  0.95  mV  HeNe  laser,  and  a  beam  expander.  The  beam 
expander  lens  was  employed  such  that  the  beam  covered  the  entire  crack.  (The 
diameter  of  an  unexpanded  HeNe  beam  is  roughly  1  mm. )  The  camera  arrangement 
contained  the  following: 

•  Olympus  OM- 1  body  (35  vm) 

•  Olympus  Auto  Bellows 

•  Olympus  Auto-Macro  135  mm  F4.5  lens 

•  Skylight  (lA)  55  mm  filter 

•  Metal  mount  plate. 
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We  used  a  heavy  aluminum  plate  as  a  base  for  our  camera  arrangement  to 
provide  stability  when  taking  long  exposure  pictures.  The  skylight  filter  was 
used  strictly  to  protect  the  camera  lens.  The  Olympus  OM-1  body  is  a  standard 
SLR  35  mm  camera  which  contains  a  lightmeter  that  can  be  viewed  when  looking 
through  the  viewfinder.  The  Olympus  Auto  Bellows  and  the  Olympus  Auto  Macro 
135  mm  F4.5  lens  provide  high  quality  macro  photos  at  magnifications  of  1:1 
while  also  offering  a  comfortable  working  distance. 

For  instant  processing  during  experimental  work,  we  used  Polaroid  PolaPan 
35  mm  instant  black  and  white  slide  film  (ASA  125).  By  developing  the  film 
with  the  Polaroid  35  mm  Auto  Processor  we  were  able  to  see  our  results 
immediately.  Kodak  TMax  Professional  Film  (ASA  400)  was  used  for  photography 
not  requiring  quick  turnaround. 

Procedures  were  simple  and  straightforward.  Essentially,  it  involved 
bracketing  the  exposures  of  the  sample  illuminated  by  the  HeNe  laser  for 
different  orientations  of  the  sample.  This  was  done  in  a  darkened  room. 

Changing  the  orientation  of  the  sample  simply  refers  to  varying: 

•  Tilt  angle  6  (see  Figure  4-2) 

•  The  tilt  of  the  sample  relative  to  its  plane  of  orientation 

•  The  side  that  the  sample  rests  on  (i.e.,  whether  the  crack  is 
perpendicular  or  parallel  to  the  plane  of  orientation). 

Bracketed  exposures  were  required  because  of  the  difficulty  of  using  the 
internal  light  meter  with  localized  laser  illumination.  Thus,  by  picking  an  F 
number  and  choosing  several  different  aperture  speeds  for  that  F  number,  we 
were  able  to  ensure  proper  lighting  for  a  few  frames.  Recalling  that  we  were 
using  ASA  125  film,  we  knew  that  the  aperture  speeds  would  range  from  1  sec  to 
1/60  sec  relative  to  the  aperture  size.  Typical  exposures  (F/lf  and  shutter 
speed)  which  gave  best  image  with  0.95  mW  HeNe  Illumination  were:  4.5  and 
1/8  sec,  11  and  1/4  sec,  and  16  and  1/2  sec. 
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The  other  variable  was  magnification  (the  ratio  of  the  object  size  to  the 
image  size  on  the  film).  Ideally,  we  wanted  a  magnification  of  1:1  so  as  to 
permit  precise  measurement  of  the  crack.  Later  on,  we  will  see  that  this  was 
not  always  practical.  Varying  the  magnification  simply  meant  varying  the 
distance  from  the  object  to  the  lens  (object  distance),  as  well  as  the 
distance  from  the  image  to  the  lens  (image  distance).  We  were  able  to 
determine  the  proper  object  and  image  distance  from  tables  provided  by  the 
Olympus  Auto  Bellows  Operating  Instruction  booklet. 

After  these  preliminaries  we  showed  that  high  contrast  illumination  of  a 
hairline  crack  could  be  produced  with  just  a  0.95  mW  HeNe  laser.  The  best 
results  were  obtained  when  4=0  (i.e.,  a  =  90  deg)  and  there  was  minimal 
tilt  in  the  sample  relative  to  its  plane  of  orientation.  (The  sample  used  was 
labeled  FF3  and  provided  by  the  government.)  By  having  the  object  plane 
parallel  to  the  image  plane,  we  were  able  to  achieve  the  best  focusing.  As 
4  increases  and  the  relative  tilt  in  the  sample  increases,  the  length  of 
crack  within  the  depth  of  focus  decreases. 

The  only  variable  left  in  this  experiment  was  the  positioning  of  the  laser 
relative  to  the  plane  of  orientation  of  the  sample  as  well  as  to  the  camera 
position.  As  the  laser  grazes  the  surface  of  the  sample,  the  light  is 
reflected  by  any  small  Imperfections  (i.e.,  hairline  crack)  in  the  sample. 

With  grazing  illumination  the  viewer  perceives  the  crack  as  a  bright  streak  on 
a  dark  background  (see  Figure  4-3a).  With  normal  illumination,  the  viewer 
perceives  the  crack  as  a  dark  line  on  a  bright  background  (see  Figure  4-3b). 

We  found  the  second  method  for  viewing  the  sample  to  be  the  best  method  for 
the  following  reasons: 

•  By  choosing  the  second  method  of  laser  alignment,  there  was  a  greater 
margin  in  positioning  the  laser.  Positioning  the  laser  beam  very 
nearly  parallel  to  the  plane  of  the  sample  required  a  great  deal  of 
adjustment 
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•  with  the  laser  beam  normal  to  the  sample,  a  bright  background  was 
achieved,  which  gave  the  crack  depth  as  well  as  location.  Using 
grazing  incidence  provided  a  bright  crack  against  a  dark 
background  which  yielded  sharp  contrast,  but  poor  depth. 

We  concluded  that  normal  incidence  was  the  preferred  method. 

4.1.2  Hot  Tests 


The  Air  Force  advised  against  heating  the  inconel  specimen  to 
o 

2,000  F.  A  substitute  specimen  was  machined  in  a  local  shop  from  304 
stainless  steel.  This  was  partially  cracked  by  the  Air  Force  in  the  WPAFB 
fatigue  testing  machines  and  returned  to  us.  Figure  4-4  shows  this 
specimen  after  testing.  A  wedge  was  used  to  open  the  crack  or  with  the 
previous  Inconel  specimen.  Also  note  that  location  of  the  thermocouple 
probe  which  was  used  to  measure  specimen  temperature. 

The  method  chosen  to  heat  the  sample  was  straightforward.  We  built  a 
very  small  compact  furnace  out  of  firebrick  for  insulation.  This  furnace 
was  designed  such  that  a  plumber’s  torch  (heat  source)  could  be  inserted 
through  a  hole  in  the  front  and  a  thermocouple  probe  embedded  in  the  side 
of  the  sample.  By  minimizing  the  size  of  the  furnace,  we  achieved  maximum 
retention  of  temperature.  As  soon  as  a  picture  was  to  be  taken,  the  torch 
was  shut  off,  the  front  door  opened,  and  the  picture  taken.  One  had 

o 

roughly  10  sec  before  the  temperature  of  the  sample  fell  by  about  100  F 

thus  adjustments  of  the  camera  were  made  prior  to  the  taking  of  the 

pictures.  Initially  we  positioned  the  camera  such  that  the  magnification 

was  1:1.  This  meant  that  the  camera  lens  was  roughly  9.1  in.  from  a 
o 

2,000  F  source.  We  deemed  this  to  be  too  close  for  the  camera's  safety. 
Thus,  the  camera  was  pushed  back  to  about  14.4  in.  yielding  a  magnification 
of  1:2,  which  proved  adequate  for  the  precise  metrology  method. 

With  these  preparations,  we  were  ready  to  try  imaging  the  crack  when 
heated  to  2,000°f  and  illuminated  by  an  argon  ion  laser,  while  having  the 
thermal  radiation  filtered  out  by  a  narrow  band  filter  as  discussed 
earlier.  The  argon  ion  laser  and  laboratory  space  were  provided  by  Tufts 
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Figure  4-4.  Stainless  Steel  Specimen  with  Thermocouple  Probe 

University.  This  investigation  was  broken  down  into  five  steps,  each 
recorded  photographically: 

(1)  Sample  at  room  temperature  with  laser 

o 

(2)  Sample  heated  to  2,000  F  with  no  laser  and  no  filter 

o 

(3)  Sample  heated  to  2,000  F  with  laser  and  no  filter 


(4)  Sample  heated  to  2,000^F  with  laser  Illumination  and  narrow  band 
filter  Installed 

(5)  Different  angles  of  laser  illumination. 

Step  (1):  The  setup  of  this  experiment  was  essentially  the  same  as 
Figure  4-1,  except  that  the  sample  was  within  a  furnace  and  the  laser  being 
used  was  a  coherent  model  Innova  90  6-watt  argon- ion  laser.  The  method  of 
bracketing  was  unchanged  from  the  previous  experiment.  The  output  beam 
power  was  initially  330  mW.  Near  the  output  of  the  laser,  the  beam  was 
split,  thus  leaving  the  detectable  output  power  at  165  mW.  We  estimated 
that  at  the  sample's  surface  the  beam  power  was  100  mW  +  25  mW.  For  this 
portion  of  the  experiment  we  used  the  Inconel  specimen  provided  by  the 
Air  Force. 

All  room- temperature  experiments  were  done  with  the  laserbeam  normal  to 
the  sample,  consistent  with  our  previous  results  for  best  data. 

Specifically  for  our  set  0  =  26,57  deg.  The  magnification  was  1:2  for 
the  entire  series  of  argon  Illuminated  photographs.  Though  there  was  no 
heat  present,  we  wanted  to  keep  the  experiment  as  consistent  and  uniform  as 
possible. 

Step  2:  Next  we  heated  the  304  stainless  steel  sample  to  2,000°F  and 
observed  it  without  any  argon- ion  laser  illumination  or  narrow  band 
filtration.  We  photographed  the  glowing  metal  in  its  own  radiation  as  in 
Figure  4-5.  We  were  vaguely  able  to  observe  the  crack  with  moderate 
contrast.  The  crack  was  glowing  slightly  brighter  than  the  rest  of  the 
metal  sample.  This  phenomenon  is  well  known  in  the  theory  of  black-body 
radiation.  The  piece  of  metal  acted  as  an  Isothermal  enclosure  for  the 
crack.  Within  the  crack  a  radiation  field  existed  which  was  at  thermal 
equilibrium  with  the  walls  of  the  crack  and  therefore  appeared  brighter 
than  the  outer  surface.  Black-body  radiation  field  is  Independent  of  the 
shape  of  its  cavity.  Furthermore,  the  radiance  L  from  the  crack  is 
independent  of  position  and  observation  direction.  This  also  explains  why 
this  effect  was  not  as  noticeable  at  cooler  temperatures.  This  phenomenon 
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Figure  4-5.  Self-Radiation  only  at  2,000°F 

will  be  less  apparent  in  an  internally  heated  oven  which  will  present  a  far 
more  Isothermal  environment  than  our  experiment. 

Step  3:  After  completing  the  previous  portion  of  the  experiment,  we 
proceeded  to  repeat  it.  but  this  time  with  argon-  ion  laser  illumination 
added  to  the  thermal  self- radiation.  The  crack  appeared  as  a  faint  dark 
line  (see  Figure  4-6).  The  contrast  here  was  not  very  good,  and  the  image 
was  rather  fuzzy.  What  we  observed  here  was  an  excimple  of  Klrchoff's  law. 
That  is,  a  good  emitter  of  radiation  is  also  a  good  absorber  of  radiation. 
As  shown  before,  the  hairline  crack  in  the  sample  was  (relatively)  a  good 
emitter  of  radiation.  With  an  argon-ion  laser  incident  on  the  crack,  it 
becomes  a  relatively  good  absorber. 

Step  4;  Next,  we  inserted  the  narrow  band  filter.  Figure  4-7,  over  the 
camera  lens.  As  expected,  it  blocked  out  most  of  the  thermal  radiation. 
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Figure  4-6.  Specimen  at  2,000  F  Illuminated  by  Argon- Ion  Laser 


The  crack  now  appeared  as  a  dark  line,  but  the  contrast  was  greatly 
enhanced  (see  Figure  4-8).  Also,  th»  Image  of  the  crack  was  much  sharper. 
It  is  clearly  easier  to  discern  the  entire  crack  from  end  to  end. 

Step  5;  Though  we  had  already  determined  that  the  best  positioning  for 
the  laser  was  when  y  »>  3>  we  again  experimented  with  different 
posltionlngs  of  the  laser.  First,  the  laser  was  positioned  at  8  = 

65.7  deg.  Instead  of  discussing  Steps  1,  2,  3  and  4  (as  described  before), 
we  will  only  discuss  part  4,  since  that  is  the  one  which  concerns  us.  At 
8  =  65.7  deg  the  crack  appreared  as  a  dark  line,  yet  it  was  not  as  sharp 
as  that  found  when  y  »>  8.  since  the  light  was  incident  at  a  grazing 
angle,  all  of  the  defects  on  the  surface  of  the  seimple  were  enhanced.  As  a 
result,  it  was  more  difficult  to  declper  the  boundaries  of  the  crack  as 
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Figure  4-7.  Narrow  Band-Pass  Filter  Characteristics, 
Centered  on  Argon- Ion  Wavelength 
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Figure  4-8.  Specimen  at  2.000°F  Illuminated  by  Argon- Ion  Laser 
Viewed  Through  Narrow  Band- Pass  Filter 


compared  to  when  p  =  26.57  deg.  Clearly  this  method  does  not  yield 
enough  contrast  for  Imaging  a  hairline  crack. 

Finally,  we  attempted  directing  the  laser  beam  thorugh  the  crack  from 
behind  without  much  success.  This  method  requires  very  precise  alignment 
Moreover,  the  size  of  the  crack  must  be  larger  than  the  wavelength  of  the 
laser  beam.  Also,  the  crack  is  not  necessarily  smooth  and  normal  to  the 
sample  surface;  hence,  a  clear  path  may  not  exist. 

4.1.3  Results 


As  expected,  the  best  crack  contrast  and  sharpness  is  achieved  for  hot 
specimens  when  the  specimen  is  Illuminated  by  the  laser  and  viewed  through 
the  filter.  Both  laser  beam  angle  and  view  angle  should  be  as  near 
perpendicular  to  the  sample  as  practical.  The  laser  experiment  results  are 
summarized  on  Table  4-2.  Quantitative  data  on  crack  length  determinations 
is  presented  in  Appendix  A. 
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4.2  X-Ray  Experiments 


The  main  advantage  of  an  x-ray  measurement  technique  Is  in  its  complete 
immunity  from  any  thermal  noise  measurements  (which  contribute  to 
background  in  the  visible  wavelength  detection  band),  and  its  inferred 
ability  to  measure  a  position  over  the  entire  front  of  the  crack  advance. 

The  primary  concern  with  the  x-ray  approach  Is  crack  detectability  In 
situations  where  the  crack  Is  not  orthogonal  to  the  detector  plane. 

To  verify  this  approach,  a  set  of  feasibility  experiments  were  designed 
with  an  x-  ray  system.  Vfhlle  the  implementation  of  an  automated  system 
would  be  with  a  real-time  x-ray  detector,  for  test  of  feasibility  digitized 
x-ray  film  Images  of  the  crack  under  different  orientations  provides  good 
calibration  of  the  method. 

4.2.1  X-Ray  Testing 

The  x-ray  testing  was  performed  at  Arnold  Greene  Testing  Laboratories, 
Natick,  MA,  Foster-Miller  program  personnel  on-site  directed  the  test 
assisted  by  testing  laboratory  technicians.  The  x-ray  source  was  a  GE 
Model  0X250  with  a  3  mm  focal  spot.  Prior  calculation  showed  that 
excellent  geometric  sharpness  could  be  achieved  with  a  4  mm  x-ray  source 
placed  27.5  in.  from  photographic  film  in  contact  with  the  rear  side  of  the 
specimen.  With  smaller  focal  spots  the  distance  can  be  proportionally 
shorter  while  maintaining  image  sharpness.  Previous  calculations  indicated 
that  an  x-ray  source  voltage  of  125  kV  was  a  good  candidate  for  penetrating 
the  0.38  thick  Inconel  specimen. 

As  it  turned  out,  energies  between  100  kV  and  125  kV  were  most 
appropriate  for  making  film  exposures  of  the  crack.  A  series  of  such 
exposures  along  the  line  of  (Figure  4-9)  (test  setup)  were  made.  A  listing 
of  the  actual  exposures  and  conditions  is  shown  in  Table  4-1.  A  photograph 
of  the  expprimep*^al  holding  block  setup  is  shown  in  4-10.  the  block  is 
designed  so  that  it  could  be  tilted  to  a  preset  angle  with  respect 
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X-RAY  SOURCE 
3  mm  SPOT  SIZE 


(SHOWN  AT  6=0°) 


FILM 


27  IN. 


Figure  4-9.  X-Ray  Test  Setup 

to  the  x-ray  beam.  Thus,  film  exposures  at  the  various  angles  could  be 
made. 

Exposure  times  and  energies  were  initially  made  according  to  prior 
calculations.  The  aim  was  to  produce  a  mid-range  of  film  density  of  about 
2.5,  a  value  well-suited  to  digitization  by  conventional  means.  Empirical 
corrections  to  the  calculated  exposure  times  and  energies  were  then  made, 
resulting  in  the  exposures  shown  in  Table  4-1.  The  geometric  unsharpness 
inherent  in  the  test  setup  (a  function  of  focal  spot  size,  geometric 
configuration,  and  detector)  was  better  than  the  desired  0.001  in. 

4.2.2  Results 

Visual  examination  of  the  radiographs  clearly  showed  crack  front 
definition  (Figure  4-11)  as  long  as  the  angle  between  the  x-ray  beam  and 
the  crack  orientation  did  not  differ  by  more  than  10  to  15  deg.  At  higher 
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Table  4-1.  Film  Exposure  Conditions 


Film 

ID 

No. 

— 

Voltage 

kV 

Current 

MA 

Exp.  Time 
(S) 

Distance/ 

Distance/ 

(deg) 

Development 

1  NL 

125 

10 

90 

27.0/0 

Kodak  M 

11  min 

Kodak  Hod.  B 

1 

125 

10 

60 

27.0/0 

M 

lA 

125 

10 

48 

27.0/0 

N 

II 

2 

125 

10 

48 

27.0/50 

M 

u 

3 

125 

10 

48 

27.0/10 

M 

II 

4 

125 

10 

48 

27.0/20 

M 

5 

125 

10 

48 

27.0/30 

M 

H 

5A 

125 

10 

144 

27.0/30 

M 

M 

4A 

125 

10 

144 

27.0/20 

M 

M 

3A 

125 

10 

144 

27.0/10 

M 

M 

6 

125 

10 

144 

27.0/15 

M 

M 

7 

125 

10 

144 

27.0/45 

M 

M 

7A 

125 

10 

450 

27.0/45 

M 

II 

7B 

125 

10 

48 

27.0/45 

M 

II 

7C 

125 

10 

15 

27/45 

M 

II 

angles  the  location  of  the  crack  front  was  less  pronounced.  However,  in 
practice  crack  angles  would  be  expected  to  be  oriented  within  less  than  10 
to  15  deg  of  the  x-ray  beam.  The  x-ray  experiment  results  are  summarized 
in  Table  4-3.  Quantatlve  data  on  crack  length  determination  are  presented 
in  Appendix  B. 

4.3  Reduced  Data 


Both  the  laser  and  x-ray  tests  produced  data  in  photographic  form 
showing  the  fatigue  crack  tip.  The  crack  tip  location  was  determined  by 
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a)  GEOMETRY  WITH  SPECIMEN  TILTED 


t 


b)  SPECIMEN  HOLDER 
Figure  4-10.  X-Ray  Testing 
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0°  ANGLE  OF  INCIDENCE  5°  ANGLE  OF  INCIDENCE 


10°  ANGLE  OF  INCIDENCE  20°  ANGLE  OF  INCIDENCE 


Figure  4-11.  Radiograph  of  inconel  Test  specimen 
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direct  measurement  and  through  image-digitization  techniques.  This  latter 
method  was  employed  because  it  is  an  essential  component  of  the  automatic 
measurement  systems  we  had  under  consideration  and  therefore  should  be 
demonstrated  during  the  Phase  I  program. 

The  image  digitization  was  accomplished  on  a  laboratory  video  scanning 
system  at  Hologics.  Inc.  in  Waltham.  Ma.  The  Hologic's  scanner  utilized  a 
vidicon  camera  with  automatic  gain  adjustment,  resulting  in  the  best  visual 
presentation  for  each  particular  film  image.  The  camera  provided  a 
standard  video  output  of  approximately  500  lines  square.  This  was  focused 
on  an  area  of  about  1  in.  square,  and  thus,  the  effective  spatial 
resolution  was  +0.001  in.  The  digitized  r»rray  outputs  were  stored  on 
5-1/4  in.  diameter  diskettes,  appropriate  for  off-line  image  processing  and 
analysis  at  Foster-Miller. 

The  digitized  laser  and  x-ray  images  are  provided  in  Appendix  A  and  B, 
respectively.  The  crack  measurement  results  are  presented  in  Tables  42 
and  4-3  appearing  in  this  section.  Measurements  were  made  by  simply 
counting  the  number  of  pixels  from  the  crack  tip  to  the  specimen  edge  and 
comparing  this  measurement  to  the  diameter  of  the  calibrated  hole. 

Table  4-2.  Laser  Experiment  Data 


Film 

Number 

2 , OO^F 
Temperature 

Laser 

Hum. 

Filter 

Measure 

(in.)* 

Error 

(%) 

2 

X 

1.288 

3 

X 

0.916 

4 

X 

X 

X 

0.927 

5 

X 

X 

X 

0.915 

1.1 

*Actual  measurement  0.905  in.  from  end  of  crack  to  edge  of  specimen 
Specimen  304  SS  provided  by  Foster-Miller 


Table  4-3.  X-Ray  Experiment  Data 


Film 

Number 

Angle  of 
Incidence^ 

X-Ray  Dose  (RADS) 

Measure 
(in. )♦♦ 

Error 

(%) 

Crack 

Surround 

lA 

0 

700 

500 

(3) 

(3) 

2 

5 

1100 

500 

0.809 

0.9 

3 

10 

700 

600 

0.836 

21.0 

4 

20 

500 

400 

0.619 

23.0 

5 

30 

500 

400 

-*** 

♦Angle  off  perpendicular  to  specimen 
♦♦Actual  measurement  0.802  in.  from  end  of  crack  to  edge  of  specimen 
♦♦♦Lack  of  reference  measurement  voided  data 
Specimen  FF-3  provided  by  USAF 
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5.  EXPERIMENT  CONCLUSIONS  AND  RECOMMENDATIONS 


The  data  from  both  the  laser  and  x-ray  crack  detection  experiments  clearly 
indicate  that  both  approaches  are  viable.  A  more  extensive  evaluation  of 
these  data  was  necessary  to  select  one  approach  over  the  other. 

5.1  Laser  Experiment 

The  experimental  results  for  the  laser  approach  were  actually  much  better 
than  expected.  The  signal  to  noise  was  so  good  with  the  argon  laser 
illumination  that  very  acceptable  data  were  obtained  without  the  narrow  band 
filtration.  This  implies  that  a  narrow  band  filter  system  will  be  capable  of 
much  higher  temperature  operation.  Or  conversely,  we  can  meet  system 
performance  requirements  with  a  much  lower  power  laser,  hence  lower  cost.  For 
this  same  reason  we  can  use  a  broar  r  band  filter,  which  is  easier  to 
manufacture,  lower  cost  and  less  susceptible  to  aging  effects. 

5.2  X-Ray  Experiment 

As  expected,  the  experimental  data  (film)  for  x-ray  beam  angles  within 
+5  deg  of  orthogonality  with  the  specimen  (essentially  close  to  parallel  with 
the  crack  face)  was  excellent.  For  angles  up  to  +20  deg  the  data  is  marginal 
and  above  that,  not  useable. 

5.3  Sensor  Selection  and  Recommendations 

On  the  basis  of  the  above  data  the  laser  approach  is  the  clear  choice  as 
it  is  evident  the  performance  margins  are  much  greater  than  with  the  x-ray 
approach.  Implementation  of  a  visible  light  system  is  also  simpler,  safer  and 
less  costly  as  the  x-ray  system  would  require  additional  shielding  and 
interlocks  to  make  it  operator  safe. 

The  x-ray  system  becomes  more  viable  at  the  4,000°F  and  5,000°F 
temperatures  discussed  during  the  presentation  of  the  experimental  results.  A 


5-1 


quantitative  comparison  of  performance  at  these  high  temperatures  is  beyond 
the  scope  of  this  program. 

The  x-ray  system  also  becomes  more  attractive  if  knowledge  of  the  true 
crack  front  is  desired  rather  than  its  position  at  the  surface.  However,  one 
must  compare  such  a  system  to  a  two-sensor  laser  system  that  views  the 
specimen  from  both  sides. 

All  things  considered,  we  have  presented  the  laser  approach  to  the  Air 
Force  as  our  choice  in  the  implementation  of  an  Automated  Fatigue  Crack 
Measurement  System.  It  is  the  design  we  present  and  discuss  in  the  following 
section  of  this  report  and  it  is  the  design  we  will  propose  for  a  Phase  II 
program. 


6.  SYSTEM  DESIGN 


Initially  our  system  concept  was  based  on  manually  locating  a  fatigue 
crack  tip  then  automatically  having  the  system  follow  and  report  the  crack 
growth.  Figures  6-1  and  6-2  show  this  concept  as  we  proposed  it.  As  a 
system,  it  is  compatible  with  the  use  of  either  x-ray  or  laser  beam  sensors. 
We  also  expected  that  there  would  be  cost  advantages  over  a  vision  measuring 
system  where  appropriate  software  operates  on  a  digitized  video  image  to 
detect  and  monitor  crack  growth. 

TWO  developments  altered  this  perception  since  the  submission  of  our 
proposal.  First,  a  common  system  requirement  will  be  to  monitor  two  crack 
tips  simultaneously  on  a  single  test  specimen  due  to  crack  initiation 
methods.  Second,  the  price  of  powerful  machine  vision  systems  has 
dramatically  declined  in  recent  years. 


Figure  6-1.  Proposed  System  Concept 
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ARGON  LASER 


COLLIMATOR 


Figure  6-2.  Proposed  Line  Scan  Laser  System 

As  with  the  original  proposed  approach,  a  machine  vision  system  is 
compatible  with  either  the  laser/filter  or  x-ray  methcxl  of  crack  detection. 
Both  detector  systems  can  produce  a  high-resolution  visible  image  as  was 
demonstrated  in  our  experiments.  These  images  are  directly  useable  by  a 
machine  vision  system  which  would  then  accomplish  the  crack  detection  and 
measurement  through  appropriate  software  and  without  the  moving  parts  of  the 
proposed  line-scan  system.  Furthermore,  the  machine  vision  system  will  be 
simpler  to  use,  eliminating  the  precise  manual  alignment  of  the  line  image 
(necessary  to  detect  crack  initiation).  Future  changes  and  expansion  of 
operating  modes  will  also  be  easier  to  implement  on  a  software-based 
machine-vision  system. 

6.1  System  Description 

Figure  6-3  presents  our  revised  design  for  an  automated  fatigue  crack 
measurement  system  based  on  our  selection  of  the  laser/filter  detection  method 
and  on  a  machine  vision  approach.  This  system  design  has  been  developed  to 
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Figure  6-3.  System  Design  Concept 

the  point  of  assessing  accurate  development  and  fabrication  costs.  Following 
subsections  discuss  key  considerations  and  features  of  this  design. 

The  system  design  is  based  on  meeting  the  performance  requirements  as 
shown  in  Table  6-1  and  on  a  number  of  interface  factors  determined  in  the 
course  of  the  Phase  I  program.  These  factors  include: 

•  Compatibility  with  the  Specimen  Oven  currently  being  designed  and 
fabricated  by  Research,  Inc. 

•  Crack  measurement  In  the  vibration  environment  induced  by  the  fatigue 
testing  machine. 
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Table  6-1.  Performance  Requirements 


I 

► 

To  assure  compatibility  with  the  specimen  oven  we  obtained  the  following 
drawings  from  Research,  Inc.: 

•  Material  Test  Radiant  Heat  Chamber  D074380-001  dated  8-6-87 

•  Frontal  View,  Radiant  Heat  Chamber  in  Load  Frame  D074381-001 
dated  8-6-87 


SPECIMEN: 

•  Material  Min: 

Max: 

•  Crack  Resolution: 

•  Crack  tracking  Speed: 

•  Temperature  Range: 


ENVIRONMENT 

•  Air  Conditioned  Laboratory 

•  Clearance: 


Aluminum.  0.050  in.  thick 
Inconel  718,  0.5  in.  thick 
0.001  in. 

0.030  in.  per  sec 
-50Of  to  2,000Of 

Frame  Size) 

0  to  50  Hz 

4  in.  X  1.8  in.  quartz 


30  in.  behind,  36  in.  front 


TEST  MACHINE:  (MTS,  2  Post,  100  Kp 

•  Test  Frequency: 

•  Oven  Window: 


•  Top  View,  Radiant  Heat  Chamber  in  Load  Frame  D074382-001  dated  8-6-87 

Our  design,  which  is  floor  mounted,  can  perform  with  or  without  the  oven  and 
Is  compatible  with  the  oven  as  defined  by  these  drawings.  Our  only  concerns 
are  the  operating  temperature  of  the  oven  window,  which  is  not  defined,  and 
possible  specimen  obstruction  to  a  rear  viewing  camera  due  to  the  limited 
width  of  the  oven's  rear  compliance  gage  port. 

Both  oven  concerns  are  minor,  but  they  will  be  addressed  Immediately  at 
the  start  of  the  Phase  II  program  when  more  detailed  Information  on  the  oven 
will  be  available. 

Real-time  crack  measurement  in  the  vibration  environment  Induced  by  the 
fatigue  testing  machine  is  helped  considerably  by  the  fact  that  the  cracks 
typically  propagate  orthogonal  to  the  testing  axis  of  the  machine. 

Discussions  with  the  MTS  Systems  Corporation  design  engineers  revealed  that 

6-4 


1 


machine  motion  in  this  direction  Is  well  below  the  0.001  In.  measurement 
resolution  Intended  for  our  system.  This  motion  remains  a  concern,  however, 
and  It  Is  the  prime  reason  we  elected  to  Isolate  (floor  mount)  the  crack 
measurement  sensors  from  the  fatigue  testing  machine  and  specimen  oven.  This 
system  configuration  is  shown  in  Figure  6-4. 


Vision  System  Description 


The  prime  requirement  of  the  vision  system  is  a  measurement  resolution 
across  the  specimen  of  0.001  in.  A  4-in.  wide  specimen  imaged  by  a  good 
state-of-the-art  1000  pixel  television  camera,  would  yield  a  crack  resolution 
of  only  0.004  in.  By  introducing  an  optical  system  to  form  a  folded  image  of 


Figure  6-4.  Crack  Measurement  System  Mobile  Sensor 
Subsystem  Configuration 


four  segments  of  the  sample  (each  segment  would  be  1  In.  long  with  1000  pixels 
and  use  about  1/4  of  the  height  of  the  camera  image).  This  could  provide  the 
required  resolution  using  a  single  camera.  However,  a  custom  optical  design 
is  required. 

Cost  structure  for  vision  systems  is  such  that  for  a  prototype  system  it 
is  less  costly  to  use  four  cameras  imaging  different  segments  of  the  test 
specimen  than  to  design  and  build  a  custom  mirror  system.  With  this  fact,  we 
proceeded  with  a  system  design  based  on  using  a  four  camera  vision  system,  in 
a  production  system  the  opposite  would  be  true  and  we  would  proceed 
accordingly. 

Foster-Miller  has  had  corporate  experience  working  with  Foxboro/Octek, 

Inc.  on  applications  of  state-of-the-art  vision  systems.  We  have  reviewed  our 
performance  requirements  with  Octek;  an  adaption  of  the  Octek  "Hawk  Eye" 
system  will  meet  these  requirements  as  well  as  requirements  for: 

•  Locating  initiation  of  crack  growth  for  more  than  one  location 

•  Recording  the  progress  of  the  crack  tips 

•  Receiving  correlative  information  from  the  testing  machine  on  time, 
load,  frequency  and  total  cycles 

•  Processing  this  information  and  presenting  the  results  in  a  format 
useful  for  Air  Force  testing  laboratory  personnel. 

Figure  6-5  shows  a  typical  Octek  machine  vision  system  packaged  in  NEMA 
enclosures. 

6.3  Mobile  Sensor  System  Description 

The  mobile  sensor  system  carries  the  laser  source  and  cameras,  holding 
them  in  precise  alignment,  providing  rapid  postioning  at  any  fatigue  testing 
machine  in  the  laboratory.  Specifically  it  is  shown  in  Figures  6-4  and  6-6 
and  contains: 
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Figure  6-5.  Typical  Foxboro/Octek  Machine  Vision  Equipment 

In  NEMA  Enclosures 

•  The  argon- ion  laser,  its  power  supply  and  its  folding  and  focusing 
optics 

•  Four  video  cameras 

•  Rapid  height  and  angular  positioning  pedestal 

•  Vibration  isolation  and  leveling  screws 

•  Mobile  base  with  wheel  locks. 

As  indicated  in  the  previous  section  we  decided  to  use  four  video  cameras 

to  achieve  the  0.001  in.  revolution  and  to  mount  them  off  the  vibration 

testing  machine  for  isolation.  Further,  the  argon- ion  laser  is  a  sizeable, 

heavy  (95  lb)  piece  of  equipment  (see  Figure  6-6).  For  these  reasons  we 

selected  a  design  approach  that  used  a  special  cart  that  could  be  wheeled  up 

to  the  front  of  a  testing  machinery  providing  rapid  mobility  and  set  up  while 

maintaining  the  necessary  precise  alignment. 
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Dimensions  'O 


incne: 


a)  RRCX)M-  ION  LASER  WITH  POWER  SUPPI.Y 


Figure  6-6.  Argon-Ton  Laser 


b)  LAYOUT  OF  VIDEO/LASER  CART  WITH  TESTING  MACHINE 
Figure  6-6.  Argon-Ion  Laser  (Continued) 


6-9 


Special  features  of  this  cart  are: 


•  Locking  pneumatic  tires  hold  the  cart  stationary  and  reduce  any 
vibration  levels  from  the  floor  which  could  affect  accurate  optical 
alignment 

•  A  rigid  4-in.  aluminum  vertical  support  holds  the  adjustable  video 
camera  rack  throughout  the  height  range  of  interest  for  monitoring 
the  test  specimen 

•  An  adjustable  video  camera  rack  holding  the  four  cameras  and  allowing 
fine  adjustments  to  align  the  specimen  view  position  of  each  camera 
(this  is  done  by  watching  the  video  monitor  during  adjustment) 

•  Vertically  mounted  laser  requires  only  a  single  beam  turning  mirror 
to  illuminate  the  specimen 

•  Weight  of  the  laser  and  laser  power  supply  helps  keep  the  cart  center 
of  gravity  low  for  stability. 

The  cameras  and  laser  beam  would  be  manually  adjusted  to  view  the  test 
specimen  through  the  quartz  window  on  the  oven,  or  viewed  directly  as  in  room 
temperature  testing.  This  cart  would  be  connected  by  an  umbilical  cable  to  a 
mobile,  reraoted  control  console  holding  the  computer  and  display  equipment. 
This  approach  allows  considerable  flexibility  for  various  setups  around  the 
testing  lab. 

6.4  Simultaneous  Crack  Measurement  From  Both  Sides 


During  the  presentation  of  the  experiment  results,  sensor  selection  and 
system  design  to  WPAFB  Laboratory  personnel  there  was  strong  interest  in 
simultaneous  crack  measurement  from  both  sides  of  the  test  specimen. 

The  simplest  implementation  of  two-sided  measurement  would  be  to  duplicate 
the  mobile  sensor  cart  described  in  the  previous  section  and  provide  for  a 
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dual  Input  to  the  image  processing  system.  This  would  also  be  the  most  costly 
approach  and  may  not  be  achievable  within  Phase  TI  cost  guidelines. 

A  trade  study  is  being  conducted  into  alternate  means  of  achieving 
two-sided  measurement  that  could  be  implemented  within  cost  guidelines.  Among 
the  currently  considered  approaches  are: 

•  A  reduction  in  system  resolution  to  +0.001  in.  thereby  requiring  only 
2  cameras  per  side 

•  A  reduction  in  laser  power  and/or  frequency,  thereby  reducing  laser 
acquisition  cost, 

•  Combining  both  side  sensors  on  to  one  more  complex  cart  but 
permitting  the  use  of  a  single  laser  with  a  beam  splitter  and  fiber 
optic  transmission  lines. 

The  results  of  this  trade  study  will  be  reflected  in  our  Phase  II  proposal. 
6.5  Higher  Temperature  Measurement  Capability 

During  the  presentation  to  WPAFB  laboratory  personnel  there  was  interest 
in  extending  the  temperature  range  of  the  crack  measuring  system  to  4,000°F, 
possibly  even  5,000°F. 

The  excellent  performance  margins  realized  on  the  laser  experiment  at 
2,000°F  would  indicate  that  considerably  higher  temperature  performance  is 
possible.  However  the  black-body  radiation  emitted  by  a  specimen  will 
increase  exponentially  with  temperature  and  the  peak  radiation  frequency  will 
shift  toward  our  current  argon  laser  line. 

As  with  the  two-sided  crack  measurement,  higher  temperature  performance  is 
a  tradeoff  parameter  with  cost.  The  cost  is  not  only  associated  with  higher 
power/higher  frequency  laser  performance  but  also  with  all  the  optical 
components  that  now  must  operate  reliably  in  the  vicinity  of  much  higher 
temperature.  These  tradeoffs  will  be  discussed  in  our  Phase  11  proposal. 
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APPENDIX  A 

LASER  EXPERIMENT  DATA 


I 

I 

I 

I 

I 

I 


I 


The  laser  experiment  data  provided  in  Appendix  A  is  summarized  in  the 
following  table.  The  digital  images  that  follow  were  generated  directly  from 
the  photographic  images  presented  in  section  4.  Crack  measurement  was  made  by 
pixel  counting  from  the  crack  tip  to  the  edge  of  the  specimen.  Pixel 
calibration  was  accomplished  by  pixel  counting  the  diameter  of  the  specimen 
holes  and  comparing  this  count  to  the  actual  measurement  of  the  hole  diameter. 

The  digital  images  contained  many  artifacts  but  they  were  adequate  to 
obtain  precise  crack  measurements.  We  ascribe  the  artifacts  to  our  lack  of 
familiarity  with  the  digitizing  system  used  and  insufficient  shielding  from 
stray  light.  The  program  budget  did  not  permit  the  effort  to  remove  the 
artifacts  or  rerun  the  data  with  better  light  masking. 


Laser  Experiment  Data 
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X 
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‘Actual  measurement  0.905  in.  from  end  of  crack  to  edge  of  specimen 
Specimen  304  SS  provided  by  Foster-Miller 
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DIGITIZED  LASER  DATA 
FILM  4 
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X-RAX  EXPERIMENT  DATA 
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The  x-ray  experiment  data  provided  In  Appendix  B  Is  summarized  in  the 
following  table.  The  digital  Images  that  follow  were  generated  directly  from 
the  photographic  Images  presented  In  Section  4.  Crack  measurement  was  made  by 
pixel  counting  from  the  crack  tip  to  the  edge  of  the  specimen.  Pixel 
calibration  was  accomplished  by  pixel  counting  the  diameter  of  the  specimen 
holes  and  comparing  this  count  to  the  actual  measurement  of  the  hole  diameter. 

The  digital  images  contained  many  artifacts  but  they  were  adequate  to 
obtain  precise  crack  measurements.  We  ascribe  the  artifacts  to  our  lack  of 
familiarity  with  the  digitizing  system  used  and  insufficient  shielding  from 
stray  light.  The  program  budget  did  not  permit  the  effort  to  remove  the 
artifacts  or  rerun  the  data  with  better  light  masking. 


Automatic  Fatigue  Crack  Growth  Measurement 
X-Ray  Experiment  Data 
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measurement  0.802  in.  from  end  of  crack  to  edge  of  specimen 

♦♦♦Lack  of  reference  measurement  voided  data 
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DIGITIZED  X-RAY  DATA 
FILM  2  (WITH  REFERENCE  HOLE) 
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